The ion-driven retention of deuterium in polycrystalline tungsten (PCW) is studied experimentally and theoretically as a function of temperature, incident ion energy and ion fluence. 
INTRODUCTION
Tungsten, beryllium and carbon fiber composites are foreseen as plasma-facing materials for future fusion reactors. Although many studies concerning hydrogen retention and release in tungsten (W) have been performed [1] [2] [3] [4] [5] [6] [7] , the behavior of implanted hydrogen isotopes in W is still not fully understood: The published data are often in disagreement and sometimes even contradictory. In the present paper, deuterium (D) retention in W is studied in a wide range of experimental conditions: various fluences, temperatures and energies. This allows a better understanding of the mechanism of hydrogen trapping and migration in tungsten.
By means of thermodesorption spectroscopy (TDS) after implantation combined with nuclearreaction analysis, it is possible to measure both the total D inventory in a material and the D retention in the near-surface layer. This provides detailed information on the D migration and the types and distributions of defects responsible for trapping of deuterium. This paper will focus on the mechanism of deuterium diffusion and trapping during implantation of low-and high-energy deuterium ions in W.
EXPERIMENTAL

Specimen preparation
Two polycrystalline tungsten (PCW) materials of different purity (PLANSEE 99.96% and 99.99%), as proposed for ITER, were used. The dimensions of the samples were 12× 15× 0.5 mm 3 . The grain sizes were estimated from scanning electron microscopy (SEM) images to be in the range of 1-20 μ m. All specimens were mechanically polished. Some of the specimens were 4 The retention of implanted deuterium was investigated by TDS. The TDS experiments were performed in the same chamber as the implantations just five to ten minutes after the ion beam was switched off. Details can be found in [9, 10] .
The samples were heated with a linear heating ramp at a rate of about 8 K/s using electron bombardment from the rear side. The maximum TDS temperature was 1373 K which was kept for 5-10 minutes at the end of the linear heating ramp. Deuterium desorption from the sample was detected with a calibrated Balzers 511 quadrupole mass spectrometer (QMS) at a base pressure of 10 -7 Pa. To reduce the residual gas levels, especially of H 2 O, the QMS is separately pumped and surrounded by a liquid nitrogen cooled copper shield.
The QMS signal was calibrated by implantation and subsequent thermal release of 3 keV D 3 + in Ti at room temperature with a fluence of 
NRA measurements
Deuterium retention in the surface layer up to a depth of 800 nm was measured by the D( 3 He,p) 4 He nuclear reaction analysis (NRA) technique using 3 He ions with 1 MeV energy. The protons from the nuclear reaction were detected with a large angle counter. The NRA measurements were done 1-3 days and 2-6 months after deuterium implantation. The implanted samples were transported through air to the ion beam analysis chamber. To determine the D concentration at larger depths, an analyzing beam of 3 He ions with energies varied from 0.69 to 4 MeV was used.
RESULTS AND DISCUSSION
D + implantation into pure W
Influence of purity
To determine the influence of tungsten purity on deuterium retention, the implantation of 200 eV D + in two kinds of polycrystalline tungsten (i) pure W (99.96%) and (ii) extremely pure W (99.99%) was done. The results indicate that the small difference in purity of W does not influence the D inventory (Fig. 1) . The same D retention was found for W (99.96%) and W (99.99%). The deuterium retention is about two times smaller compared to [9] due to the use of a more accurate calibration. Deuterium retention is observed to increase slightly faster than the square root of the incident fluence up to a fluence of 5x10 24 D/m 2 for low-energy deuterium implantation in PCW at room temperature. The subsequent results presented in this paper were obtained with extremely pure tungsten W(99.99%)
Influence of implantation energy and fluence
In the fluence range of 10 implantations. Most of the low-energy deuterium implanted at room temperature is released from W at approximately 400 K, while the energetic deuterium implanted at 3 keV in W in the range of 380 K to 400 K has a release maximum at approximately 550 K. Deuterium is not retained in the traps with 400 K release temperature at 3 keV implantation due to the higher target temperature.
A second release stage is observed at 550 K and 650 K for 200 eV and 3 keV, respectively.
The D inventory after implantation of 4 keV D + in PCW and 6 keV D + in single-crystalline tungsten (SCW) at low fluences was measured by Iwakiri et al. [11] and by Alimov et al. [4] , respectively.
These measurements also show a higher D retention with increasing ion energy, in agreement with our measurements. As was shown by nuclear reaction analysis (NRA) within a probed depth of about 800 nm, most of the deuterium is trapped in the bulk of the W at high fluences (see Fig. 1 ). The deuterium content decreased by 15% after 720 hours (1 month) exposure of W to air after implantation. The samples were stored at room temperature. This indicates that most of the deuterium is trapped with a trap energy which is high enough to prevent deuterium release at room temperature.
Modeling
The retention of D ions in metals is characterized by the speed of implantation (i.e. the implanted flux density) and the speed of diffusion (i.e. the diffusivity). Moreover, implanted ions create radiation defects such as Frenkel pairs, clusters of defects and dislocations. The behavior of implanted D strongly depends on the rate of displacement radiation damage during the implantation [12] . These processes strongly influence the binding energy and the diffusion of D in the lattice. The other factor influencing the D migration is the implantation energy. The deeper D penetrates into a solid, the deeper surface modifications take place. Moreover, a stress field created by the irradiation can influence the deuterium diffusion and defect development.
Deuterium migration in metals is described by a diffusion equation with an ion source term and trapping in various defects [9] . In the case of low-energy implantation two kinds of traps were found for low irradiation temperatures [9] : (i) low-energy traps with a trapping energy of 0.85 eV, and (ii) high-energy traps with a trapping energy of 1.45 eV. The low-energy traps were identified as dislocation sites and grain boundaries. The high-energy traps were found to be D agglomeration in clusters in the form of D 2 molecules and D trapping in vacancies [4, 9] .
The different energies of deuterium to be released from W are summarised in Table 1 . Due to the small difference in the trapping energy of a deuterium atom trapped in a vacancy and the trapping energy of deuterium molecules in microvoids or microcavities [13] [14] [15] [16] , it may be difficult to resolve these two trap sites experimentally. On the other hand, TDS measurements influence the initial D distribution by annealing. According to [17] , already at approximately Calculations using a diffusion model with low-energy 'natural' defects distributed over the whole thickness of the sample, and high-energy 'ion-induced' defects distributed near the implantation surface and growing during the implantation, describe well the experimental data for 200 eV D + [9] . The increase of the trap density, W, with fluence can be written in analogy to spontaneous recombination of defects in metals [18] :
where I 0 is the incident flux, r is the reflection coefficient, ψ is the depth distribution of ioninduced defects, η is the rate of the defect creation and W m is the maximal defect concentration.
From Eq. (1) the trap density increases with time, t, as follows
A more detailed modelling for both TDS and depth profile experiments shows that not only the amount of high-energy traps increases with fluence, but also the concentration of low-energy traps can rise near the implantation range during irradiation. However, the concentration of ion-produced high-energy traps is higher than the concentration of ion-induced dislocations in the near surface layer (Table 2) , especially for 200 eV D + implantation. Calculations using the model [9] and Eq. (2) show that the high-energy traps are distributed in a thin surface layer which is about 50-100 nm thick, while low-energy ion-induced traps can be distributed up to several thousands nm (Fig. 6 ).
Similar depth profiles were found experimentally by Alimov at al. [19] (Fig. 7) . Calculations using the parameters presented in Table 2 describe very well the TDS experiments (see Figs. 3 and 4).
As already described, the trap concentration grows with fluence. But also the ion-induced defect distribution propagates into the bulk of the target. According to van Veen [15] and Nagata [20] , the ion-induced damage can extend many times deeper than the implantation depth. The diffusion in the damage zone can differ considerably from the bulk diffusion.
As calculations show (see Table 2 . This is because of the expansion of the stress field during the exposure time. Although there has been no general theoretical or experimental study of the effect of stress on defect dynamics, we can conclude that the tensile field provokes the production of extended defects such as dislocation loops.
Peculiarity at low-energy implantation: nature of low-energy ion-induced defects
The calculated fluence dependence of D retention, using a diffusion model with intrinsic and ioninduced trap parameters presented in Table 2 for non-activated desorption, is shown in Fig According to TRIM calculations [22] , 200 eV D + cannot produce vacancies in W due to the small energy transfer. However, to describe the TDS spectra, it is necessary to assume some ion-induced defects near the surface. To describe the experimental data of low-energy implantation at room temperature by the modeling of just natural defects, two types of traps with trapping energies of 0.9 eV and 1.2 eV and trapping densities of W=10 -3 at.fr. and W=6× 10 -4
at.fr., respectively, have been used. However, the calculations using only 'natural' traps of 0.9 eV and 1.2 eV distributed uniformly over the W thickness are in disagreement with experiments: the model with only 'natural' traps results in an increase of the deuterium content in W with temperature, while in the experiments the deuterium inventory in pre-annealed W decreases with irradiation temperature (Fig. 9) . Additional arguments for the presence of ioninduced defects are that the calculated TDS spectra using only 'natural traps are broader than in experiments and calculated TDS peaks show a more pronounced shift to high temperatures with fluence compared to the experiment. Moreover, calculations with only intrinsic defects do not describe the experimental depth profiles at all as one can see from Thus, the density of voids is less than vacancies. Since, at such a low temperature as 400 K the vacancies in W are still immobile [13] , the formation of voids at 400 K is due to the stress field induced by energetic ions. This means that the stress-induced field results in an agglomeration of vacancies in voids and a production of dislocations during implantation even at such a low temperature as 400 K. The reduction of the bubble density with increasing ion energy was also observed by Sakamoto et al. [24] . Even as a void has a bigger size than a vacancy, the D concentration seems not to increase significantly with increasing bubble size. As a result, the maximum density of high-temperature defects for 3 keV D + is smaller than the density of high-temperature defects for 200 eV D + .
Although the model presented in Table 2 describes well the low fluence deuterium retention in W irradiated by energetic ions, the model overestimates the D retention at high fluences (solid stars in 
where D m is the maximum diffusion coefficient in the implantation range. This equation for ioninduced diffusion is written in analogy to the increase of trapping sites in the implantation range during the implantation (see eq. (2)). To describe the deuterium behaviour in W under energetic ion irradiation, both an increase of the diffusion coefficient in the implantation range with fluence, and an increase of the rate of the defect production, η , are suggested. A surface modification by 3 keV D + irradiations has been observed by SEM (Fig. 13) . 
High-temperature implantation: application to ITER
Concerning to deuterium retention in fusion reactors, tungsten is foreseen to be used at temperatures above 600 K. At irradiation temperatures of 673-873 K, vacancies became mobile.
They diffuse, some of them annihilate with interstitials, some disappear on the grain boundaries and on the surface and some agglomerate to form vacancy clusters with up to 60 vacancies [13] .
In the case of high-temperature irradiation, D can be retained in W only by chemisorptions on the internal walls of such voids due to the high binding energy of deuterium atoms with microvoids (see Table 1 ). Indeed, a high-temperature peak at temperatures between 800 and 1200 K is observed in the TDS curves (Fig. 16 ). As our calculations show, the essential amount of deuterium will be retained in traps with energy of 2.1 eV at high irradiation temperatures. This kind of traps corresponds to D chemisorptions inside the ion-induced micro-voids, namely chemisorptions on the bubble wall [15] . For the investigated irradiation temperature range of 300-500 K in the present paper, the amount of deuterium in the peak of 1000 K (2.1 eV) is negligible compared to the retained D in the two other peaks. The influence of this third peak on the D inventory in PCW becomes only important at elevated irradiation temperatures above about 600 K.
CONCLUSIONS
Ion-driven retention of deuterium in tungsten has been studied by means of thermal desorption spectroscopy (TDS) combined with nuclear-reaction analysis. Experiments made at the Garching ion source facility showed several features of deuterium interaction with tungsten:
1) The retention of low-energy deuterium in polycrystalline W is higher than the retention of energetic deuterium at high fluences >10 24 D/m 2 .
2) Faster increase of D retention with fluence for high temperature irradiation compared to room temperature implantation.
3) Pre-implantation followed by thermal D release and subsequent low energy implantation results in higher D retention in W.
Modeling shows the presence of ion-induced and natural defects in polycrystalline W which act as trap sites for deuterium. Ion-induced defects are produced during implantation by deuterium selfaggregation due to the stress field induced by the incident ion flux. The rate of ion-induced defect production depends on the energy of the incident ions, ion flux, target temperature and exposure time. The defects production rate increases with the energy (and/or ion flux) and temperature. To explain the lower D inventory in W by energetic ions implantation compared to low energy deuterium ions, a stress-induced change of the diffusion coefficient is suggested. This model yields a good agreement with experimental data and it can describe simultaneously TDS spectra, the energy, fluence and temperature dependences of the retained D amount, and the deuterium depth profiles with the same set of parameters. Further experimental investigations are needed to fully understand the influence of the stress field on the diffusion mechanism of deuterium and agglomeration in clusters in various tungsten materials for different incident ion energies and irradiation temperatures. Calculations (dashed line for 200 eV and solid line for 3 keV) using the parameters presented in Table 2 Calculations (dashed line) using the additional traps (voids) with trapping energy of 2.1 eV are in a good agreement with experiments.
